The total number of olfactory receptor neurons (ORNs) in the rat main olfactory epithelium (MOE) was estimated using stereological sampling. Skulls and noses of newborn (postnatal day 0), young adult (8 weeks), and adult (6 months) rats were decalcified, embedded in paraffin, cut into 10-μm thick sections serially at 100-μm intervals, and processed for immunohistochemistry for olfactory marker protein (OMP), a specific marker of mature ORNs with fiber connections to the olfactory bulb. The number of OMP (+) receptor neurons was measured using an optical fractionator with stereological software (Stereoinvestigator). The total number of OMP (+) receptor neurons in the unilateral MOE was 0.47 × 10 6 in newborns and 21 × 10 6 in young adults and adults. Our previous study showed that the corresponding unilateral total number of neurons was 5.2 × 10 6 in young adult mice. Accordingly, we concluded that rats had 4 times more OMP (+) receptor neurons than mice at the adult stage and that the number of these neurons increased approximately 45 times between birth and maturity.
Introduction
We recently reported that the total number of olfactory receptor neurons (ORNs) in young adult mice was approximately 5 × 10 6 in the unilateral main olfactory epithelium (MOE) . Other studies in rats showed different values depending on the developmental stages; for example, 0.95 × 10 6 in neonates (postnatal day 0 [P0]) (Meisami 1989), 11.3 × 10 6 on P25 (Meisami 1989) , and 7.5 × 10 6 in adults (Youngentob et al. 1997) in the unilateral MOE. However, because of certain methodological problems (Abercrombie 1946; Hedreen 1998) , such as the lack of reliable stereological quantification methods or a specific marker of mature ORNs, the above data require reevaluation . The aim of the present study was to obtain more accurate quantitative data on the total number of functioning OMP (+) receptor neurons in rat unilateral MOEs at different developmental stages between birth and maturity. To this end, we used stereological software to analyze the whole MOE and immunohistochemical data based on an antibody specific to olfactory marker protein (OMP), which is expressed in mature ORNs that have fiber connections to the olfactory bulb (Margolis 1972; Graziadei et al. 1977) .
Materials and methods

Animals
The experiments were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, and the protocols were approved by our Institutional Animal Care and Use Committee. Every effort was made to minimize the number of animals used and their suffering. Newborn (P0), young adult (8 weeks), and adult (6 months) female Wistar rats (Japan SLC Inc.) were used in the present study. Male young adult rats (8 weeks) were also used to examine differences between the sexes.
Tissue preparation
Rats were euthanized with sodium pentobarbital (100 mg/ kg, intraperitoneally) and perfused through the heart with 10 mL (neonates), 200 mL (young adults), or 400 mL (adults) of 4% paraformaldehyde in 0.1 M phosphate buffer. The nose and skull containing the olfactory bulb were removed as a bloc and postfixed overnight in the same fixative. The specimens were immersed for 1 week (neonates), 8 weeks (young adults), or 12 weeks (adults) in a 10% ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA) solution in 0.1 M phosphate buffer (pH 7.4) for decalcification. They were then embedded in paraffin, cut into 10-μm-thick sections in a coronal plane serially at 100-μm intervals, and mounted on coated slides. After deparaffinization, sections were immersed in 0.3% H 2 O 2 for 30 min to block endogenous peroxidase activity. They were digested in 0.2% trypsin in 0.05 M Tris buffer containing 0.1% CaCl 2 for 5 min at 37 °C and then incubated overnight in goat anti-OMP antibody (1:1000; Wako Pure Chemical) at room temperature. After washing, sections were incubated in biotinylated anti-goat immunoglobulins (1:200; Dako) for 1 h, and then in streptavidin-peroxidase (1:200; Dako) for 1 h. Sections were visualized using the Metal Enhanced DAB Substrate Kit (Thermo Fisher Scientific Inc., Pierce Biotechnology).
Estimation of OMP (+) receptor neurons by stereology
Quantification of OMP (+) receptor neurons was performed with the aid of stereological software (Stereoinvestigator; MBF Bioscience). The unilateral MOE was first outlined at low magnification using a 4× objective lens. Square grids (100 × 100 μm) were systematically and randomly placed over the MOE. At regularly predetermined positions on the grid, OMP (+) receptor neurons within the 3-dimensional optical dissector were counted at a higher magnification using a 20× objective lens. Because the size of OMP (+) receptor neurons varied with age, different counting frame areas (neonates: 50 × 50 μm; young adults and adults: 25 × 25 μm) of the optical dissector were used for neuronal counting. The optical dissector height (thickness) was 6 μm with a 2-μm top guard zone. Cell processes of OMP (+) receptor neurons were easily distinguished from their cell bodies by focusing up and down, and thus only OMP (+) cell bodies were counted within the optical dissector height.
Preliminary data showed that the stereologically estimated OMP (+) receptor neurons of multiple sections obtained from the same P0 rat showed similar values at 200-and 500-μm intervals. Therefore, for neonatal rats in this study, the section evaluation interval was set at 500 μm. In addition, preliminary data showed that the stereologically estimated OMP (+) receptor neurons of multiple sections obtained from the same 8-week-old rat showed similar values at 1200-and 2500-μm intervals; therefore, for young adult and adult rats, the section evaluation interval was set at 2500 μm. Figure 1 shows the outlined MOE, randomly placed square grids, and frames for counting with the dotted OMP (+) receptor neurons. The parameters of the stereological analysis are summarized in Table 1 . Neuronal counting was performed 3 times for each animal, and the mean values of stereologically estimated OMP (+) receptor neurons were regarded as the total number of OMP (+) receptor neurons per animal. The data were expressed as mean ± standard deviation.
Results
MOE of neonatal rats
The nasal cavity of neonatal rats was characterized by its small size and poorly differentiated nasal concha with 1-2 small epithelial protrusions (Figure 2 ). The rostrocaudal MOE was short, and OMP (+) receptor neurons appeared in 45-51 paraffin sections regularly cut at 100-μm intervals. The rostrocaudal length of MOE was 4700 ± 230 μm (n = 5). The concha epithelium was usually thick with 5-7 layers of ORNs, whereas Total number of OMP (+) receptor neurons estimated (mean) 20 000 000 22 000 000 23 000 000 21 000 000 19 000 000 20 000 000 20 000 000 21 000 000 23 000 000 21 000 000 Coefficient of error ( Table 1 .
In the unilateral MOE of neonatal female rats, the total number of OMP (+) receptor neurons was 470 000 ± 44 000.
MOE of young adult rats
The nasal cavity was much larger in young adult rats than in the neonatal ones, and the nasal conchas were well differentiated with 2-6 elongated epithelial protrusions (Figure 4 ). In particular, the posterior nasal cavity between the caudal end of the ventrally located vomeronasal organ and the rostral end of the dorsally located olfactory bulb was deficient in respiratory epithelia and contained many protruding curved conchas ( Figure 4E ). In contrast to neonatal rats, the rostrocaudal MOE of young adult rats was long, and OMP (+) receptor neurons were found in 128-141 (female) and 133-152 (male) paraffin sections serially cut at 100-μm intervals. The rostrocaudal length of MOE was 14 000 ± 490 μm in females (n = 5) and 14 000 ± 800 μm in males (n = 5). The epithelia of the nasal septum, nasal ceiling, and lateral wall were relatively thin with 2-6 layers of ORNs ( Figure 5 ). OMP (+) receptor neurons forming 1-5 layers in MOE were small with short diameters ranging between 2.3 and 5.1 μm. Their staining intensities differed, with strong immunoreactivity in the nasal ceiling and light immunoreactivity in the nasal septum and lateral wall ( Figure 5A-C) . The morphological features of the base of the nasal concha were very similar to those of the neighboring lateral wall ( Figure 5D ). The concave portions of the concha epithelia were thick with 8-10 layers of ORNs and 6-8 layers of OMP (+) receptor neurons with short diameters ranging between 2.3 and 5.1 μm. These neurons showed strong immunoreactivity in the upper concha ( Figure 5E ) and light immunoreactivity in the lower concha ( Figure 5F ). The 3 separate stereologically estimated counts of total OMP (+) receptor neurons in the unilateral MOE of young adult female rats (n = 5) were as follows: 20 000 000, 20 000 000, and 20 000 000 (No. 1); 22 000 000, 22 000 000, and 22 000 000 (No. 2); 21 000 000, 24 000 000, and 24 000 000 (No. 3); 24 000 000, 20 000 000, and 20 000 000 (No. 4); and 19 000 000, 19 000 000, and 19 000 000 (No. 5). The respective mean values for all 5 rats are shown in Table 1 . In the unilateral MOE of young adult female rats, the total number of OMP (+) receptor neurons was 21 000 000 ± 1 600 000.
The corresponding values in the unilateral MOE of young adult male rats (n = 5) were as follows: 21 000 000, 20 000 000, and 20 000 000 (No. 1); 20 000 000, 20 000 000, and 20 000 000 (No. 2); 21 000 000, 21 000 000, and 21 000 000 (No. 3); 23 000 000, 23 000 000, and 23 000 000 (No. 4); and 21 000 000, 21 000 000, and 21 000 000 (No. 5). The respective mean values for all 5 rats are shown in Table 1 . In the unilateral MOE of young adult male rats, the total number of OMP (+) receptor neurons was 21 000 000 ± 1 200 000.
MOE of adult rats
Morphological features of the nasal cavity and OMP (+) receptor neurons of adult rats were very similar to those of young adult rats. OMP (+) receptor neurons were found in 141-151 paraffin sections serially cut at 100-μm intervals. The rostrocaudal length of MOE was 15 000 ± 420 μm (n = 5). The 3 separate stereologically estimated counts of total OMP (+) receptor neurons in the unilateral MOE of adult rats (n = 5) were as follows: 22 000 000, 22 000 000, and 24 000 000 (No. 1); 21 000 000, 20 000 000, and 20 000 000 (No. 2); 18 000 000, 18 000 000, and 18 000 000 (No. 3); 24 000 000, 24 000 000, and 24 000 000 (No. 4); and 20 000 000, 20 000 000, and 20 000 000 (No. 5). The respective mean values for all 5 rats are shown in Table 1 . In the unilateral MOE of adult female rats, the total number of OMP (+) receptor neurons was 21 000 000 ± 2 400 000, which implied no significant differences between young adults and adults.
Discussion
Stereological analyses
For quantification of the total number of OMP (+) receptor neurons in the unilateral MOE, different stereological parameters were applied for neonates (P0) and adults at both stages (8 weeks and 6 months). Because the size of OMP (+) receptor neurons in the neonatal MOE (short diameter: 4.4-8.1 μm) was much larger than that in adults (short diameter: 2.3-5.1 μm), a larger counting frame (50 × 50 μm) was employed for neonatal MOE than for adults (25 × 25 μm). Similarly, the smaller counting frame (25 × 25 μm) was employed for quantification of OMP (+) receptor neurons in the MOE of adult mice, which also had small-sized OMP (+) receptor neurons .
Because of the differences in the total rostrocaudal MOE lengths with age, shorter (500 μm) and longer (2500 μm) section evaluation intervals were used for neonatal and adult MOEs, respectively. Furthermore, the section evaluation interval for the MOE of adult rats (2500 μm) was longer than that employed for the MOE of adult mice (1000 μm). This is because of a shorter rostrocaudal length of mouse MOE, despite the same age (8 weeks) .
Stereological estimation of OMP (+) receptor neurons during development
After we counted the OMP (+) receptor neurons 3 times in MOEs of each group, stereologically estimated mean counts of total neurons in each rat were regarded as the total number of OMP (+) receptor neurons per animal. The total number of OMP (+) receptor neurons in the unilateral MOE was 0.47 × 10 6 in neonatal rats and 21 × 10 6 in adult rats at both stages (8 weeks and 6 months). Along with our unpublished data that the total number of OMP (+) receptor neurons in the unilateral MOE was 21 × 10 6 in 12-week-old female rats (n = 3), ORNs seem to reach their maximal number at the postnatal 8 weeks and remain almost unchanged at later stages. Consequently, it is truly surprising that OMP (+) receptor neurons greatly increased by 45 times between birth and maturity. In a recent study, we showed that the total number of OMP (+) receptor neurons in the unilateral MOE was 5.2 × 10 6 in 8-week-old mice . Comparison of the total number of OMP (+) receptor neurons in the 2 age-matched rodent species shows that rats had 4 times more OMP (+) receptor neurons than mice at the young adult stage. We did not observe significant differences between the sexes in the total number of OMP (+) receptor neurons in young adults (females: 21 × 10 6 ; males: 21 × 10 6 ). Meisami (1989) reported that the total number of ORNs in the unilateral MOE was 0.95 × 10 6 in newborn rats compared with 0.47 × 10 6 in the present study. However, this value was estimated by hematoxylin-and eosin-stained paraffin sections, which were unable to distinguish immature from mature ORNs. The most characteristic feature of the neonatal MOE was the presence of numerous immature ORNs that did not express OMP. With respect to the differentiation of rat MOE during development, another study (Sakashita et al. 1995) showed that the percentage of mature ORNs compared with the overall neuron population greatly increased from 31-34% in early neonates (P1) to 76-78% in 3-month-old adults, according to tracer-labeling and degeneration experiments. These data were attributed to the facts that mature ORNs transport the tracer retrogradely from the olfactory bulb to MOE and undergo neuronal cell death as a result of bulbar ablation. Thus, the total number of neonatal mature ORNs estimated in the present study (0.47 × 10 6 ) did not appear to greatly differ from the value reported by Meisami in 1989 (0.95 × 10 6 ). Furthermore, the total number of ORNs in the unilateral MOE at later stages differed between previous studies (P25: 11.3 × 10 6 ; adults of unknown age: 7.5 × 10 6 ) (Meisami 1989; Youngentob et al. 1997 ) and the present one (8 weeks: 21 × 10 6 ). These variations may be a result of several different factors, including rodent strain, age, and staining and quantification methods. Comparative data on the total number of ORNs in the unilateral rodent MOE are summarized in Table 2 . It is widely accepted that each receptor neuron expresses only one receptor type and that a group of receptor neurons expressing the same receptor type send their axons to the same bulbar glomerulus (Mombaerts 2004) . Because 4200 bulbar unilateral glomeruli have been identified in rats (Royet et al. 1998) , we can estimate that a single glomerulus receives converging inputs from 5000 receptor neurons in adults, given that a single receptor neuron projects onto one glomerulus. Furthermore, we can estimate that olfactory information from a single glomerulus is conveyed to 12 mitral cells (bulbar output neurons), because approximately 50 000 unilateral mitral cells have been reported in rats (Meisami 1989; Royet et al. 1998; Hirayama et al. 2014) .
